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Abstract
The Sun blows out the solar wind which propagates
into the interplanetary medium and forms the helio-
sphere about 100 AU across. The solar activity causes
various types of time-dependent phenomena in the so-
lar wind from long-lived corotating interaction regions
to shorter on duration but more extreme events like
coronal mass ejections. As these structures propagate
outward from the Sun, they evolve and interact with
each other and the ambient solar wind. Voyager 1
and 2 provided first unique in-situ measurements of
these structures in the outer heliosphere. In particu-
lar, Voyager observations in the heliosheath, the outer-
most region of the heliosphere, showed highly variable
plasma flows indicating effects of solar variations ex-
tending from the Sun to the heliosphere boundaries.
Most surprisingly, Voyager 1 data shows shocks and
pressure waves beyond the heliosphere in the interstel-
lar medium. Important questions for the future Inter-
stellar Probe mission are (1) how do the heliosphere
boundaries respond to solar variations? (2) how do
disturbances evolve in the heliosheath? and (3) how
far does the Sun influence extend into the interstel-
lar medium? This talk will review observations and
recent modeling efforts demonstrating highly variable
and dynamic nature of the global heliosphere in re-
sponse to disturbances originated in the Sun‘s atmo-
sphere.
1. Introduction
Numerous observations show that the solar wind ex-
hibits variations on different time and spatial scales.
This includes the 11-year solar cycle variations, large-
scale structures such as interplanetary coronal mass
ejections (CMEs) and merged interaction regions
(MIRs; Burlaga et al. 1993) usually occurring during
solar maximum; corotating interaction regions (CIRs)
formed at the declining phase of solar activity (Burlaga
et al. 1997); and shocks associated with CMEs and
CIRs (Wang & Richardson 2002). These structures
generate significant changes in the solar wind pa-
rameters, affect acceleration and transport of ener-
getic particles in the heliosphere. The primary goal
is to understand the evolution of these structures in
the heliosphere, their interaction with the heliosphere
boundaries and propagation beyond to the interstellar
medium.
2. Observations
Measurements showed that during the 11-year solar
cycle the solar wind ram pressure (ρV 2 where ρ is den-
sity and V is speed) changes by factor of 2 from solar
minimum to maximum. Long-lived CIR structures are
characterized by an enhanced magnetic field, plasma
density, and pressure, and are bounded by a pair of
shocks. Observations of CIRs by Voyager 2 and Pio-
neer 10 in the inner heliosphere within 10 AU showed
that the ram pressure in CIRs may increase by factor of
15-30. At larger heliospheric distances, CIRs expand
and merge to form CMIRs. One would expect that
these structures propagate further to the heliosheath
and beyond into the local ISM. In fact, Voyager 1 mag-
netic field data from the local ISM reveals an interval
(2014.6-2015.4) with 28 day oscillations in magnetic
field (Burlaga et al. 2016) indicating possible relation
with CIRs. This suggest that the Sun influences this
region however the origin of these oscillations are not
fully understood.
By now Voyager 1 have traveled 25 AU passed
the heliopause (HP). A remarkable discovery made by
Voyager 1 was observation of shock waves in the very
local interstellar space. These shocks are driven by so-
lar transients that propagate to the interstellar medium.
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The first shock in the VLISM was observed by V1 at
the end of 2012. The important property of the VLISM
shock is its very smooth nature and very large width,
being about 104 times broader than a shock with simi-
lar properties at 1 AU. The shock properties in VLISM
are dramatically different from ones inside the helio-
sphere.
3. Modeling
The models demonstrated that the termination shock
(TS) and HP oscillate in response to varying solar
wind pressure in the solar cycle (Izmodenov et al.
2008; Pogorelov et al. 2009; Provornikova et al.
2014). The boundaries of the heliosheath are con-
stantly in motion. While time-dependent models of
global heliosphere can partially explain behavior of
plasma in the heliosheath observed on Voyager 2, they
fail to explain plasma flows observed at Voyager 1.
Interaction of the TS with various interplanetary
disturbances from upstream was studied by many au-
thors (Provornikova et al. (2013) and references
therein). The models are focused on the propaga-
tion of solar wind shock waves, contact discontinu-
ities, forward-reverse shock pairs, and pressure pulses
through the TS to the heliosheath. Simulations suggest
that interaction of shocks with the TS generates several
discontinuities and waves in the heliosheath. Locally
TS may change its location and become weaker. Inter-
action of shocks with the HP produces magnetosonic
waves that are reflected and trapped in the heliosheath.
Modeling of propagation of solar disturbances to the
outer heliosphere presents several challenges. High
resolution simulations with low numerical diffusion
are required to capture the interaction of solar wind
structures with heliospheric boundaries. Also the pres-
sure in the heliosheath is dominated by non-thermal
particles which strongly affects evolution of discon-
tinuities but currently not described by the time-
dependent models. Studies of 11-year solar cycle ef-
fects require knowledge of time and latitude depen-
dence of the solar wind close to the Sun (Katushkina
et al. 2013).
4. Summary
Despite of the great progress that has been done in the
recent three decades in understanding variability of the
global heliosphere and its relation with the solar activ-
ity, the complete picture is not achieved yet. Several
questions are still unanswered: (1) how do the helio-
sphere boundaries respond to solar variations? (2) how
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Figure 4. (a) Profiles of the plasma radial speed along the V1 (blue curve) and
V2 (red curve) trajectories from a three-dimensional time-dependent model.
Space–time distribution of the radial speed along the V1 (b) and V2 (c)
trajectories. Circles denote TS model crossings by V1.
(A color version of this figure is available in the online journal.)
An alternative method of deriving the boundary conditions
(latitude, longitude, and time-dependent) at 1 AU is from the
SW models starting from the solar surface such as the Alfven-
Wave-driven SOlar wind Model (AWSOM) which is part of the
Space Weather Modeling Framework (SWMF; van der Holst
et al. 2014) or the MHD Algorithm outside a Sphere (MAS)/
ENLIL models (Odstrcil 2003). These models use magnetic
field data at the boundary on the Sun obtained from synoptic
magnetic maps available from different observations (SOHO/
Helioseismic and Magnetic Imager, SDO/Michelson Doppler
Imager, or Kitt Peak Observatory). Runs of these models can be
requested on the NASA’s Community Coordinated Modeling
Center (CCMC) Web site. Propagating these solutions from
1 AU to the TS and HP is computationally demanding and, for
the time that it takes the SW to reach the TS (∼year) and HP
(∼4 yr), many CRs need to be included. Thus, it is not yet clear
how feasible this approach would be.
3. RESULTS AND DISCUSSION
Figure 3 shows a comparison of the SW speed and normalized
density nr2 (where n is the plasma number density in cm−3
and r is the distance from the Sun in AU) calculated in the
model along the V2 trajectory with the observations. In a
supersonic SW (Figures 3(a) and (c)), the model results are
in good agreement with the measurements except for the period
1995–1999 for the density and 2005–2007 for the speed. A
two-dimensional time-dependent kinetic-hydrodynamic model
by Izmodenov et al. (2005) with latitudinally uniform boundary
conditions at 1 AU taken from OMNI data (slow wind) showed
that during the solar minimum in 1995–1999, the model did
not reproduce the V2 measurements. V2 experienced a higher
plasma speed than obtained in their model because the spacecraft
was located in the fast wind. Our boundary conditions that take
into account the fast SW allow us to get a good agreement
between the model speeds and the data during the period
1995–1999 (Figure 3(a)). However, for the same period, the
density is higher by a factor of ∼2 in the model as compared to
the V2 measurements (Figure 3(c)). Figure 3(a) shows that after
1999, the modeled speed exceeds V2 observations by 50 km s−1
and the difference increases to 100 km s−1 as we approach the
TS. This could be a result of insufficient slowdown of the SW
due to charge exchange with interstellar hydrogen atoms (in our
three-dimensional model the hydrogen density at the TS surface
nH,T S is in the range 0.07 cm−3–0.08 cm−3). This hypothesis
will be explored in future calculations using a higher hydrogen
density in the LISM. Also, our model does not reproduce a
strong increase of the SW speed associated with a shock detected
at V2 in 2006 March (Richardson et al. 2006) with a subsequent
decrease closer to the TS crossing. The origin of this strong
shock is the coronal mass ejection associated with the solar
flare in 2005 September and polar fast streams (Richardson
et al. 2006). Such local short timescale disturbances are not
resolved in our SW data set at 1 AU since it is averaged over
a solar rotation (or one year for IPS data). Therefore, they are
not resolved in our simulation results. To reproduce this shock,
data with a higher resolution in time (e.g., 1 hr averaged Ulysses
data) need to be used as in Richardson et al. (2006).
Figures 3(b) and (d)) show the comparison for the heliosheath
region. V2 observations show that the plasma speed is nearly
constant in the heliosheath with an average speed of 146 km s−1
(Richardson & Wang 2012). Our model shows that after crossing
the TS, the plasma speed is about 240 km s−1 which is about
100 km s−1 higher than V2 observed. By the end of 2008,
the plasma speed decreases to a value of 180 km s−1 and
then remains constant with an average speed of 185 km s−1.
Figure 3(d) shows that the modeled SW density is larger than
the actual by a factor of two. After entering the heliosheath,
V2 experienced solar minimum conditions (at least until the
beginning of 2011; Richardson & Wang 2012). The reason for
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Figure 1: Modeling of TS nd HP responses to the so-
lar wind fluctuations. From Provornikova et al. (2014)
do disturbances evolve in the heliosheath? (3) how
far does the Sun influence extend into the interstellar
medium? Advanced instrumentation and new obs r
vations on the Interstellar Probe mission will bring a
closure to these questions.
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